The synthesis of Mg doped Li2Fe1-xMgxSiO4 (x = 0, 0.10 and 0.15) via solid-state reaction is reported. The product was characterized by Mössbauer spectroscopy (MS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), magnetic measurements and scanning electron microscopy (SEM). The structures of the reaction products were confirmed to be the monoclinic structure P21/n, but impurities were detected in them. In the undoped sample small amounts of lithium iron oxide or lithiated magnetite was obtained, whereas a magnetic phase was found in samples with more than 10 % (mole fraction) of Mg doping.
INTRODUCTION
INCE it was proposed in 2005 by Nytén et al., [1] lithium iron silicate (Li2FeSiO4) has drawn considerable attention as one of the most promising cathode materials for lithium-ion batteries. This material is environmentally friendly, made from naturally occurring elements, safe, and has good operating voltage, energy storage capability and high cycling stability. However, it has limited electrical conductivity, and slow Li transport. [2] To overcome these shortcomings numerous alternatives have been proposed, among them doping with an isovalent cation. [3] [4] [5] [6] In recent work, Zhang et al. [7] reported the results of the partial substitution of iron by magnesium (up to 3 %, mole fraction) in the monoclinic structure (space group: P21) using a sol-gel synthesis method, without destroying the structure of the orthosilicate, and improving the electrochemical properties of the Li2FeSiO4 cathode materials. Resulting compound, Li2Fe0.97Mg0.3SiO4, exhibits a better cycle stability and reversibility, than the one from undoped Li2FeSiO4. Huang et al. [8] also reported on composites Li2Fe0.97Mg0.3SiO4 but with the orthorhombic structure indexed to the Pmn21 space group. Similar good electrochemical properties were reported for uniform nano-sized pure Li2Fe0.45Mn0.45 Mg0.1SiO4 by hydrothermal method followed by carbon coating. [9] Mg doping also has been successfully used in the olivine cathode materials nano-sized LiFe1-xMgxPO4-C (x = 0.00, 0.02, 0.04, 0.06 and 0.08). [10] Mg-doped LiFe0.96Mg0.04PO4-C has a remarkable effect on improving the electronic or ionic mobility, but serious electrochemical degradation can occur when its doping density is above 0.04 mol.
In this work, the effect of doping with different Mg mole fractions (0.00-0.15 mol) on the structure of the orthosilicate prepared via a solid-state reaction was investigated using X-ray diffraction (XRD), Mössbauer spectroscopy (MS), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and magnetization measurements. Mössbauer spectroscopy is suitable for providing information on the microscopic structure of iron containing materials.
EXPERIMENTAL SECTION
Lithium metasilicate Li2SiO3 (GFS Chemicals, ≥ 99.5 %), dihydrated iron oxalate FeC2O4•2H2O (Aldrich Chemicals, 99 %) and tetrahydrated magnesium acetate Mg(C2H3O2)2•4H2O (GFS Chemicals, ≥ 99.9 %) were mixed in stoichiometric amounts. Different amounts of magnesium were used in order to obtain 0, 5, 10, and 15 % (mole fraction) of magnesium-doped orthosilicates Li2Fe1-xMgxSiO4. The mixture was ground in a planetary mill, model "Pulverisette 5", for 36 hours, at a frequency of 5 Hz and a vacuum of 2 × 10 -5 bar. Then, the dried mixture was pelleted at a pressure of 750 psi (5.17 × 10 6 Pa) and heated in a horizontal quartz tube oven Hoskins FD303A to 650 °C at 10 °C / min. The process was conducted with an argon flow for a period of 12 hours, after which it was cooled at a rate of -10 °C / min to room temperature.
The crystallographic structural characterization of samples was analyzed by X-ray diffraction (XRD, PANalytical X'Pert powder diffractometer, Cu Kα radiation). All XRD measurements were carried out at room temperature (298 K) in the range of 10° ≤ 2θ ≤ 90° at intervals of 0.02°, in BraggBrentano geometry. The Rietveld refinement of the XRD patterns were made with the GSAS software, [11] based on a Pseudo Voigt profile function (0.75 0.25 Lorentzian and Gaussian). The cell parameters were determined by fullpattern refinement from the XRD data using the GSAS Software. Crystallographic information files (CIF) of Li2FeSiO4 were generated from the structural results reported by Mali et al. [12] and Sirisopanaporn et al. [13] Mössbauer spectra (MS) were recorded using a conventional spectrometer of constant acceleration with a 57 Co(Rh) source of activity of 5-10 mCi (185-370 MBq). The measurements were performed at 298 K. The spectra were recorded in transmission geometry. The velocity and isomer shifts were calibrated with an α-Fe foil standard. Spectra were fitted using a standard least-squares fitting routine with Lorentzian lines with the Recoil software (University of Ottawa, Canada).
IR spectra were recorded in transmittance mode using a Shimadzu IR-Affinity-1 (FT-IR 8400S) spectrometer. The resolution of the spectra was 4 cm -1 . The spectra obtained were handled with software Academic Know It All.
The morphology of the samples was examined using a JEOL JSM-5600 scanning electron microscope (SEM), equipped with an energy-dispersive X-ray (EDX) detector, and operated at an accelerating voltage of 15 and 20 kV. The magnetization was measured using a Vibrating Sample Magnetometer (VSM) (Quantum Design PPMS VSM P525).
RESULTS AND DISCUSSION
XRD patterns of all samples are shown in Figure 1 . A full Rietveld refinement was carried out showing that the dominant crystal phases of all the samples are the monoclinic structure P21/n. The pristine undoped sample has an extra reflection at 42.87°, as shown in Figure 1e , indicating an impurity, which is attributed to lithium iron (III) oxide. [14] The Mg-doped samples gave patterns similar to those of the undoped Li2FeSiO4. No LixFe2O3 is obtained, but a reflection around 44.6° (marked with asterisk in Figure 1 and highlighted with a vertical line in Figure 1e ) is particularly observed for samples doped with more than 10 % Mg (mole fraction). In that region, pristine Li2FeSiO4 shows some consecutive weak diffraction peaks, but the pattern profiles suggest the contribution of another phase. This reflection matches the (001) characteristic peak of metallic iron, reported as an impurity phase in Li2FeSiO4/C material prepared via a solid-state reaction process. [15] Contamination from the extensive milling procedure is excluded, as assessed by weighing the balls before and after each milling. Additional confirmation could be obtained from Mössbauer results discussed later. Very small amounts of other impurities, such as lithium iron (III) catena-disilicate LiFe(Si2O6), should not be ruled out in the doped orthosilicates. The most prominent Bragg peaks of this compound occur at 29.842° and 31.295°. A full Rietveld refinement was carried out on the pristine and Mg-doped Li2FeSiO4 samples, and the refined lattice parameters are listed in Table 1 . The reliability factors Rw are 11.9 %, 11.4 %, 14.2 % and 12.3 % for the undoped and 5, 10 and 15 % (mole fraction) Mg doped, respectively. There is a certain intensity variation in some lines of the diffractogram that may be related to Mg entering the crystal lattice of the orthosilicates provoking changes in the structure, site occupation, or the formation of other phases like LiFeSiO4, a delithiated lithium iron [14] (left) and to metallic iron (right).
an opposite trend to the one expected using Ni as dopant was observed. It was argued that cation disorder and structural defects introduced during milling process, and delithiation of the orthosilicate, induce lattice expansion. Huang et al. [8] proposed that Li ions should have been partially substituted by Mg ions in the orthorhombic polymorph. Figure 2 shows the SEM images of prepared orthosilicates. As shown, all the samples are composed of agglomerated small sphere-like particles with a broad micrometersize distribution. Magnesium doping does not make apparent changes in the morphology, but Mg-doped samples show somewhat less agglomeration. The crystallite size calculated from the Scherrer's equation on the XRD patterns was determined to be 181.9, 119.6, 150.0, and 76.5 nm for the undoped, 5, 10 and 15 % (mole fraction) for Mg doped, respectively.
Mössbauer spectroscopy measurements at room temperature of all samples are shown in Figure 3 . Regardless of the sample, a dominant symmetric doublet is observed, with hyperfine parameters given in Table 2 , typical for high-spin Fe 2+ in ionic compounds of tetrahedral environment. Of the different polymorphs of Li2FeSiO4 proposed, the isomer shift and quadrupole splitting values of both, the pristine and doped materials, match with those of the monoclinic structure P21/n. [17] [18] [19] [20] [21] This result is supported by the XRD and FTIR analysis. The quadrupole splitting was found to increase monotonically with increasing Mg content, suggesting a diminishing distortion of the iron sites. As pointed out by Mali et al., [12] the quadrupole splitting values can be correlated to the distortion of the FeO4 tetrahedra, with a trend of larger quadrupole splitting for lesser distortion. In addition to the Fe 2+ doublet, a small absorption area in the center of each of the Mössbauer spectrum was also observed, associated with a Fe 3+ phase. The central resonance absorption in the Mössbauer spectra of undoped and Mg-doped samples up to 10 % (mole fraction) were fitted with two broad singlets which are attributed to nanoparticles of lithiated iron oxides, [21, 22] whereas in the case of the 15 % (mole fraction) sample a doublet was used, corresponding to delithiated orthosilicate LiFeSiO4. [23, 24] These impurities are imperceptible or hardly detected by XRD or in the FTIR spectra. It is important to note that, disregarding the fitting model used for the Mössbauer spectra, the hyperfine parameters of the Fe 2+ doublet remain unchanged. A small contribution from a sextet is observed for samples with equal or exceeding 10 % (mole fraction) doping metal. Data clearly show that Mg doping is accompanied by reduction of Fe 2+ to BCC iron (saturated solid solution of magnesium in iron [25] ), with a Mössbauer hyperfine field varying from 32.9 T to 32.5 T. An increase in Mg doping causes segregation of a magnetic phase. There is a monotonic increase of this magnetic phase in samples with more than 10 % (mole fraction) Mg doping, according to results that are not presented here. FTIR spectra, shown in Figure 4 , have all the attributes of Li2FeSiO4. The peak at 907 cm -1 in the undoped orthosilicate can be attributed to the stretching vibration of (SiO4) 4− group. [26] A slight shift of this band towards lower frequencies i.e. 897 cm −1 might be associated with changes in the local environments because of Mg doping. The shoulder band observed at around 950 cm −1 is due to SiO apical stretching vibrations. [27] The peaks below 600 cm -1 i.e. 52 7 cm −1 and 594 cm −1 can be ascribed to the bending vibration of tetrahedra (SiO4) 4-. [28] Peaks at 1431 cm -1 and 1500 cm -1 present in all samples and clearly seen in the 15 % (mole fraction) doped sample, point to some amount of Li2CO3 formed at the surface due to lithium removal from the original structure caused by oxidation in air. [15, 29] The Li2CO3 phase is not detectable by X-ray diffraction due to its low content and crystallinity. The formation of the delithiated orthosilicate LiFeSiO4 gives a hint on the nature of the Fe 3+ detected in the X-ray and Mössbauer measurements. A salient feature of the FTIR spectra shown in Figure 4 is the increasing peak broadening with Mg doping. Infrared line broadening is frequently observed in Li2FeSiO4 samples. [30] [31] [32] Line broadening has been associated with cation substitutions and ordering in silicate minerals. [33] Vanadium substitution on Li2FeSiO4/C composites, for example, results in significant broadening of infrared lines. [34] In Li2Fe1-xBaxSiO4 samples, this spectra profile variation is attributed to microstructure and surface morphology of different Li2FeSiO4 samples. [31] Magnetization curves for Li2Fe1-xMgxSiO4 (x = 0, 0.05, 0.10, 0.15) crystalline powders at room temperature, given in Figure 5 , indicate a large contribution of a paramagnetic phase, also observed in the Mössbauer spectra as the paramagnetic Fe +2 and Fe +3 sites. No change is observed in the paramagnetic nature of the Li2FeSiO4 after doping with magnesium. Some soft ferromagnetic or ferrimagnetic component is present in these materials, most likely the metallic iron phase detected by both XRD and Mössbauer. This magnetic component increases with the Mg content, indicating that this atom makes unstable the Fe presence in the original monoclinic structure, and it refines also the nanostructure of this phase. The last aspect was detected by XRD which shows that the mean crystallite size decreases with increasing Mg content. As was proved by SEM measurements the particles are micrometric and agglomerated, and present a spherical shape. In accordance with the obtained crystallite size (nanometric) each particle is polycrystalline. The undoped Li2FeSiO4 shows a behavior typical of a paramagnetic material in agreement with the results reported by Lv et al. [19] 
CONCLUSION
Mg doped Li2FeSiO4 was synthesized via a solid-state reaction. Both, pristine and doped materials consist of the monoclinic structure (space group: P21/n) as verified by Mössbauer spectroscopy, X-ray diffraction and FTIR. Some small amounts of electrochemical deleterious Fe 3+ impurities, like lithium iron oxide or lithiated magnetite, are obtained for the undoped material. Magnesium doped materials with up to 5 % (mole fraction) Mg 2+ retain the paramagnetic monoclinic structure and lattice parameter, which indicates that doping agent gets into the structure of Li2FeSiO4 without destroying its lattice structure. A magnetic phase is segregated for samples with equal or exceeding 10 % (mole fraction) doping metal. Data clearly show that Mg doping is accompanied by reduction of Fe 2+ to magnetic BCC iron. The SEM images have proved that Mgdoped particles form an agglomerate of small sphere-like particles with a wide particle size distribution. No clear tendency in the lattice parameters and crystallite size is observed after Mg 2+ doping.
